trend that was documented for all ocean basins (Webster et al., 2005) . Although Emanuel (2005a) shows a correlation between increasing water temperatures in the tropical Atlantic and hurricane energy, this relationship does not hold for other oceans (Webster et al., 2005) .
In 2005, records were broken when three
Category 5 hurricanes intensifi ed in the western Atlantic Ocean basin within a two-month period ( Figure 3 ). The increased vigor of hurricanes is a growing concern for public health and safety, and presents serious challenges not only to modelers of hurricane track, intensity, and coastal surge but to emergency managers, traffi c engineers, the insurance industry, and government budgets.
In this article, we review the major advances in hurricane prediction during the 20 th century and the possibilities for continued technological advances that will potentially improve public health and safety in the years to come.
LOOKING BACK IN TIME: GALVESTON 1900
At the turn of the 20 th century, the only organized weather information available to hurricane forecasters was collected at land-based weather stations, as radio communications with ocean-going ships
had not yet been developed. The "surprise" hurricane that fl ooded the thriving coastal city of Galveston on September 8, 1900 need not have killed 10,000 people if two ships transiting the Gulf of Mexico had been able to report their weather in-
Oceanography formation to land-based hurricane forecasters (Frank, 2003; Emanuel, 2005b on September 6. Later, the steamship Pensacola, bound for Galveston, was thrashed by the developing hurricane.
These ships had no forewarning of this extreme weather in the Gulf of Mexico. Because they had no means of communicating with land stations, their much-needed information on the intensifying hurricane only reached U.S. meteorologists after they were safely in port (Emanuel, 2005b) . Forecasters at the U.S.
Weather 
TECHNOLOGICAL ADVANCES DURING THE 20 TH CENTURY
Within a decade of the Galveston disaster, ships were instrumented with radio communications that augmented the sparse coverage from telegraphed land stations (Willoughby, 2003) . This advance was particularly important because hurricanes form, intensify, and Suomi's famous spin-scan cloud imager (Willoughby, 2003) . These satellites, positioned over the equator, imaged the same area of Earth every 20 minutes, providing superior repeat coverage, so essential to emergency-response activities.
A major breakthrough in satellite meteorology is attributed to Vern Dvorak, who designed a cloud-recognition technique for estimating the intensity of tropical cyclones from satellite images that has been broadly used by hurricane forecasters around the world (Dvorak, 1975; Gray, 2003 . 
FORECASTING HURRICANE TR ACKS AND WIND INTENSITY
Until the late 1950s, forecasting was largely a subjective exercise. This situa- Franklin [2005] ; courtesy of Dr. Jack Beven, National Hurricane Center). Track error has improved signifi cantly at all time scales, whereas intensity error has not.
STORM SURGE AND PUBLIC HEALTH: LESSONS FROM HURRICANE KATRINA
Storm surges are the aspect of hurricanes that generate the greatest range and severity of public-health impacts. Historically, nine out of ten deaths from hurricanes have resulted from drowning in the storm surge (Frank, 2003) . The accuracy with which storm surge can be pre- Unfortunately, these fi rst responders did (Goerss et al., 1998; Velden et al., 1998; Soden et al., 2001; Velden et al., 2003) . temperatures exceed 26°C to a depth of 100 m or more, whereas outside of the current, the layer of warm water is only 50 m or so deep (Goni and Trinanes, 2003) . This difference impacts the available heat that can be transferred to the hurricane through evaporation.
Although hurricane strengthening has been previously documented and modeled over the high-heat-content Loop Current waters (Shay et al., 2000; Emanuel, 2005b) , other factors such as upper-level winds and large cold water upwelling along the hurricane path also impact hurricane-intensity changes and sometimes counteract the potential impact of ocean heat content (Ritchie et al., 2003; Walker et al., 2005) . Hurricane winds create "cool wakes" due to the mixing of cooler waters from below the surface (Monaldo et al., 1997) (Holland, 2003) . The last challenge for emergency managers and others is to actually convince the public of the necessity for evacuation. Timely access to storm-surge predictions may provide the Figure 8 . Hurricane Katrina's wind speeds increased from 115 to 173 mph (185 to 278 kph) as it moved over and along the Loop Current and Eddy Vortex, areas of highest heat content in the Gulf of Mexico. Real-time information from satellite altimeters can be used to detect the location of the Loop Current and its eddies, which appear as sea surface highs (red colors). Th e contours of sea surface height were computed from Jason-1, TOPEX/ POSEIDON, and Geosat Follow-on, for Gulf of Mexico waters on August 28, 2005, using methods of Leben et al. (2002) . Th e associated sea surface temperature structure is shown in Figure 3 (real-time data available at http://argo.colorado.edu/~realtime/ welcome/). 
